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A search for the natural host of Nipah virus has led to the isolation of a previously unknown member of the family
Paramyxoviridae. Tioman virus (TiV) was isolated from the urine of fruit bats (Pteropus hypomelanus) found on the island of
the same name off the eastern coast of peninsular Malaysia. An electron microscopic study of TiV-infected cells revealed
spherical and pleomorphic-enveloped viral particles (100–500 nm in size) with a single fringe of embedded peplomers. Virus
morphogenesis occurred at the plasma membrane of infected cells and morphological features of negative-stained
ribonucleoprotein complexes were compatible with that of viruses in the family Paramyxoviridae. Serological studies revealed
no cross-reactivity with antibodies against a number of known Paramyxoviridae members except for the newly described
Menangle virus (MenV), isolated in Australia in 1997. Failure of PCR amplification using MenV-specific primers suggested that
this new virus is related to but different from MenV. For molecular characterization of the virus, a cDNA subtraction strategy
was employed to isolate virus-specific cDNA from virus-infected cells. Complete gene sequences for the nucleocapsid
protein (N) and phosphoprotein (P/V) have been determined and recombinant N and V proteins produced in baculovirus. The
recombinant N and V proteins reacted with porcine anti-MenV sera in Western blot, confirming the serological cross-
reactivity observed during initial virus characterization. The lack of a C protein-coding region in the P/V gene, the creation
of P mRNA by insertion of 2-G residues, and the results of phylogenetic analyses all indicated that TiV is a novel member
of the genus Rubulavirus. © 2001 Academic Pressc
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iINTRODUCTION
Viruses in the subfamily Paramyxovirinae of the family
Paramyxoviridae have been associated with a number of
new and emerging diseases in a variety of animal spe-
cies, including humans, around the world during the past
two decades. New morbilliviruses have emerged that are
pathogenic for marine mammals such as seals, dolphins,
and porpoises (Osterhaus et al., 1995). In addition, the
established morbillivirus Canine distemper virus caused
disease in unexpected hosts such as Lake Baikal and
Caspian Sea seals and members of the Felidae (Barrett,
1999). La Piedad Michoacan virus (LPMV or blue eye
isease virus) caused encephalitis and death in piglets
nd reproductive disease in adult pigs in Mexico
Stephano et al., 1988; Moreno-Lopez et al., 1986). Hen-
dra virus (HeV), thought to have originated from fruit bats
in the genus Pteropus, was responsible for the death of
14 horses and two humans with severe respiratory or
neurological disease in Queensland, Australia in 1994
(Murray et al., 1995; O’Sullivan et al., 1997; Young et al.,
997). In 1997 another novel paramyxovirus, Menangle
irus (MenV), was isolated from stillborn piglets in a
ommercial piggery in New South Wales, Australia and
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (61-3) -5227-5555. E-mail: linfa.wang@li.csiro.au.215aused abnormalities of the brain, spinal cord, and long
ones (Philbey et al., 1998). Serological studies sug-
ested that this virus caused nonspecific febrile illness
n two humans and that fruit bats were a potential natural
ource of infection (Chant et al., 1998).
In March 1999, a novel paramyxovirus, Nipah virus
NiV), was isolated from the cerebrospinal fluid of a fatal
uman case of encephalitis in Sungei Nipah village,
alaysia. NiV was subsequently identified as the cause
f the outbreak of encephalitis that started in Malaysia in
eptember 1998, reached its peak in March 1999, and
ed to 268 reported human cases with 105 fatalities
Anonymous, 1999a,b; Chua et al., 1999, 2000) The
ource of human infections seems to be domestic pigs
ince NiV replicated subclinically in a majority of infected
igs, thus facilitating its spread throughout the Malay-
ian peninsula. The virus caused severe respiratory and
entral nervous diseases in a proportion of infected pigs
nd several other animal species (Aziz et al., 1999). The
irus was also responsible for the clinical infection of
ingaporean abattoir workers and caused the death of
n abattoir worker as a result of importation of NiV-
nfected pigs (Lee et al., 1999; Paton et al., 1999). NiV is
closely related to HeV, and both have a genome approx-
imately 15% larger than that of other members of the
Paramyxovirinae (Wang et al., 2000; Harcourt et al., 2000).
NiV and HeV may represent members of a proposed new
0042-6822/01 $35.00
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216 CHUA ET AL.genus, Henipavirus (Chua et al., 2000; Harcourt et al.,
2000; Wang et al., 2000; Wang and Eaton, 2001), within
the subfamily Paramyxovirinae.
In addition to these pathogenic members of the
Paramyxovirinae, two new members with unknown dis-
ease-causing potential have been identified in recent
years. Tupaia paramyxovirus (TPMV) was isolated from
an apparently healthy Southeast Asian tree shrew (Tu-
paia belanderis). Phylogenetic analysis based on the N
and P genes indicated an evolutionary relationship ge-
nus between TPMV and both members of the Morbillivi-
rus and HeV (Tidona et al., 1999). Salem virus (SalV) was
isolated from the mononuclear cells of a horse and its P
gene coding strategy and sequence homology sug
gested that it is related to members of the genus Mor-
billivirus, TPMV and HeV (Renshaw et al., 2000). With the
pathogenic viruses mentioned above, the isolation of
TPMV and SalV has significantly increased our aware-
ness of the widespread distribution and host range of the
Paramyxovirinae and raises questions about the evolu-
tion of viruses in this subfamily.
In a search for the origin of NiV, urine samples were
collected from fruit bats on the island of Tioman, about 25
km off the eastern coast of Malaysia. In the process, we
isolated an additional previously unknown paramyxovirus.
We report the isolation and the serological and molecular
characterization of this novel bat paramyxovirus.
RESULTS
Virus isolation and characterization
A total of 50 pooled urine samples, each comprising
FIG. 1. (A) Transmission electron micrograph of an ultrathin section
from the cell plasma membrane (large arrow). Surface projections (ar
represents 100 nm. (B) Transmission electron micrograph of negativ
incubated with rabbit anti-MenV antibody and protein A-gold. Bar reprfive urine drops, were collected and inoculated onto Verocells for virus isolation within 36 h of collection. A virus
that generated a cytopathic effect (CPE) characterized by
formation of syncytia was isolated on the seventh day of
culture and designated isolate C1-3. Two more isolates
(A2-5 and B2-4) causing a similar type of CPE were
obtained on the ninth and tenth day postinoculation from
two separate 24-well culture plates. All negative wells
were blind passaged after 10 days of culturing and an
additional isolate was obtained on the fourth day of the
second passage and designated as A2-11. When inocu-
lated onto Vero cell monolayers on subsequent passage,
all isolates generated massive syncytia within 48 h.
Electron microscopic examination of ultrathin sections
of infected cells revealed the presence of multinucleated
cells that contained cytoplasmic aggregates of nucleo-
capsids. When viewed by negative contrast electron mi-
croscopy, nucleocapsids had a diameter of 20 6 1 nm
(n 5 12) and a pitch of 6 6 1 nm (n 5 12). Nucleocapsids
were also present at the periphery of infected cells
where they were associated with budding virions (Fig.
1A). Upon examination by negative-contrast electron mi-
croscopy, the viruses were pleomorphic and possessed
an envelope and nucleocapsids similar to those de-
scribed for the family Paramyxoviridae. Surface projec-
tions of approximately 15 6 2 nm (n 5 19) were observed
associated with the viral envelopes. Viruses examined
via ultrathin sections ranged in size from 100 to 500 nm.
When tested by indirect immunofluorescence, cells
infected with any one of the isolates failed to react with
antibodies against measles; mumps; parainfluenzavirus
1, 2, or 3; human respiratory syncytial virus; HeV; or NiV.
ro cell infected with Tioman virus. The virus can be observed budding
d) are apparent as are the internal nucleocapsids (small arrow). Bar
d nucleocapsids from Tioman virus. The nucleocapsids have been
200 nm.of a Ve
rowhea
e-staineHowever, the four isolates gave strong positive staining
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217A NOVEL BAT PARAMYXOVIRUSwith porcine anti-MenV antiserum in the same assay.
Isolate C1-3 was chosen for further characterization.
Immunoelectron microscopy was used to confirm the
reactivity of anti-MenV antiserum and virus C1-3. Label-
ing of ultrathin sections of C1-3-infected Vero cells with
rabbit anti-MenV antiserum and protein-A gold revealed
gold probes associated with both cytoplasmic nucleo-
capsid aggregates and viruses budding from the cell
surface. No labeling was observed on sections incu-
bated with rabbit-anti-HeV antibodies while the homolo-
gous positive control (HeV-infected cells with anti-HeV
antibodies) contained specific gold labeling (data not
shown). Nucleocapsids generated from virus C1-3 pro-
duced specific staining of the typical nucleocapsid her-
ring bone structures when probed with rabbit-anti-MenV
antibodies (Fig. 1B). Nucleocapsids from MenV (data not
shown) also generated a positive reaction.
Productive infection occurred in all mammalian cell
lines tested; however, the virus failed to produce CPE or
productive infection in the insect cell line C6/36. At a
multiplicity of infection (m.o.i.) of 0.1 TCID50/cell, the virus
produced almost complete CPE by 48 h postinoculation
in Vero (ATCC) CCL-81, Vero E6, BHK 21, PS, and RD cells.
The size of giant cells produced was larger in BHK-21
and RD cells than in the other cells tested and compa-
rable to the huge syncytia generated by NiV in Vero
(ATCC) CCL-81 cells. Limited animal studies showed that
virus C1-3 killed 100% of 4-day-old suckling mice 8 to 12
days after intracerebral inoculation with 2 3 104 TCID50
of the virus. The virus could be easily reisolated from the
postmortem suckling mouse brain and the diseased
brain showed evidence of severe meningoencephalitis.
Isolation and cloning of virus C1-3 cDNA using PCR-
Select cDNA subtraction
Initial attempts to confirm the relatedness between
C1-3 isolate and MenV by PCR using MenV-specific PCR
primers failed to produce any specific product (data not
shown), thus suggesting that although serologically re-
lated, virus C1-3 was different from MenV. Consequently
it was called Tioman virus (TiV) after the place of isola-
ion. To obtain TiV-specific sequence, a new strategy
sing the ClonTech PCR-Select cDNA Subtraction Kit
as employed. Random cDNA was synthesized from the
RNA of TiV-infected and uninfected cells. After subtrac-
ion of cDNA from TiV-infected cells by hybridization with
DNA derived from uninfected cells, the subtracted prod-
cts were analyzed by agarose gel electrophoresis (data
ot shown). The size of the fragments ranged from about
.2 to 1.5 kb. The total PCR products were size-purified
nto four fractions and cloned into pZErO-2 vector as
escribed under Materials and Methods. A total of 36
olonies from the fraction containing the largest inserts
nd 24 clones from each of the other three fractions wereandomly selected and analyzed by colony-PCR. Clones oontaining inserts were subsequently sequenced. From
total of 91 clones that contained insert and produced
ood quality sequencing, 79 (87%) matched coding se-
uences of Paramyxovirinae members when analyzed
sing the BLAST-X search engine at the NCBI server.
mong the clones analyzed, 28, 9, 2, 26, and 14 matched
he coding sequences of the N, P/V, M, F, and HN genes,
espectively. No match was detected for the large viral
olymerase (L) gene. The best matches were always to
iruses in the genus Rubulavirus.
To complete the sequence determination of the N and
/V genes, TiV sequence-specific primers were de-
igned using sequence information obtained above, and
DNA “gaps” were filled in by RT-PCR using viral
enomic RNA as template. Additional primers were
ade to sequence internal regions so that every nucle-
tide position was sequenced at least 3 times with good
eadability on the sequencing gel. To obtain the 59 non-
ranslated region of the N gene and the 39 leader region
f the viral genome, a rubulavirus genus-specific primer
as designed that would anneal to the highly conserved
1-bp genome end sequence. In conjunction with N
ene-specific primers, a 262-bp PCR product was ob-
ained, and sequencing analysis confirmed that it was
erived from the 39 end of the TiV genome. The 11-bp
equence derived from the primer at the 39 end of the
enome was not confirmed in this study and will be
etermined when the complete genome sequence is
ublished.
equence analysis of the N gene and its coding
roduct
The complete sequence of the 3339-bp region covering
he 39 end of the TiV genome is shown in Fig. 2. Open
eading frame (ORF) analysis and homology search using
he BLAST-X program revealed that the predicted N-gene
oding region of TiV is located between nt 165 and 1724.
he deduced N protein is 519 aa in length with a calculated
olecular weight of 58,437 Da and is slightly acidic with a
I of 4.8. The putative transcriptional initiation and termina-
ion sequences were identified by comparison with those of
ublished rubulavirus sequences. The precise location of
he N gene polyadenylation site was experimentally con-
irmed when four independent clones, isolated from the
DNA subtraction experiment, were found to contain
oly(A) sequences immediately after the TTTAAGAAAAAA
equence as predicted (data not shown). The N gene
RNA is therefore 1843-nt long (excluding the poly(A) tail)
nd contains 59 and 39 untranslated regions (UTR) of 110
nd 119 nt, respectively. Placement of the N gene ATG
nitiation codon at nt 165–167 was based on the following:
1) this is the first ATG codon of the N gene mRNA, and (2)
mino acid sequence comparisons revealed that the puta-
ive N-terminal sequence of TiV N, MSSV, is identical to that
f all rubulavirus N proteins sequenced so far (see Fig. 3A).
218 CHUA ET AL.
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222 CHUA ET AL.Sequence alignment studies indicated that TiV N pro-
tein, similar to that of other Paramyxovirinae, may be
divided into three domains by virtue of their relative
sequence conservation. The central domain (aa 160–
400) is the most conserved while the C-terminal domain
is most variable. In addition, the three highly conserved
motifs in the central domain previously identified in
all Paramyxovirinae members (Morgan, 1991; Yu et al.,
1998) are also found in the TiV N gene. Motif
QxW(I,V)xxxK(A,C)xT (where “x” represents any amino
acid residue and either of the residues in parentheses
can be present at that position) is located at aa 173–183.
Motif FxxT(I,L)(R,K)f(G,A)(L,I,V)xT (where f represents an
romatic amino acid) is located at aa 269–279; and motif
xxxxYPxxfSfAMG is located at aa 325–339 (see Fig.
A).
nalysis of the P gene and its coding potential
Similar transcriptional initiation and termination sig-
als were identified for the P gene and indicated in Fig.
. The P gene mRNA is 1455-nt long with a 148-nt 59 UTR
nd a 151-nt 39 UTR. Open reading frame analysis re-
ealed the existence of a polycistronic coding strategy
s is observed for most members of the Paramyxoviri-
ae. The first ATG codon of the TiV P mRNA is flanked by
strong Kozak consensus sequence (Kozak, 1991),
hich would produce a translation product of 228 aa with
highly conserved Cys-rich C-terminal domain that is
losely related to the V proteins of rubulaviruses (Fig.
B). This region of the P mRNA therefore appears to
ncode the TiV V protein. A second ATG codon is found
6-nt downstream from the first one. Its location is very
imilar to the ATG codon of an overlapping C protein-
oding region present in some members of the
aramyxovirinae (Lamb and Kolakofsky, 1996). However,
t is unlikely to be functional since the ATG codon is not
lanked by a favorable Kozak sequence context and an
n-frame stop codon was present around 100-nt down-
tream (data not shown).
Close examination of the P gene sequence revealed
wo stretches of 5-G residues (Fig. 2) that could poten-
ially be used as RNA editing sites (Lamb and Kolakofsky,
996). To determine the exact location of the P gene
diting site and the number and frequency of G-residue
nsertions, two primers were made to amplify a small
FIG. 3. Sequence alignment of TiV with other rubulaviruses. Residue
dashes represent gaps introduced to maximize alignment. Regions wit
(aa 1–400). The three conserved motifs in the central domain of all Param
aa deletion present in the PIV2 N protein sequence. (B) Alignment of
conserved Cys residues are indicated by *, whereas the two Cys uniqu
from aa 150 to 385 of the TiV P protein. The down-pointing arrow
Abbreviations,with GenBank Accession Nos. in parentheses are as follo
Mapuera virus (X85128); MuV, mumps virus (AB000388); PIV2, human p
PIV4b, human parainfluenza virus-4b (M55976); SV5, simian virus-5 (AFDNA fragment using mRNA isolated from virus-infected
ells (see Fig. 2 for primer location). Out of 60 indepen-
ent clones analyzed, 27 clones contained the sequence
TTAAGAGGGGG (the same as the genomic RNA se-
uence shown in Fig. 2), 30 clones contained the se-
uence TTTAAGAGGGGGGG (2-G insertion), and the re-
aining three clones contained the sequence TTTAA-
AGGGGGG (1-G insertion). These results suggested
hat the first 5-G sequence region was used as the RNA
diting site. It is important to point out that the sequence
TTAAGA preceding the 5-G residues is identical to the
utative transcriptional termination signal in TiV virus
nd a number of rubulaviruses. The same observation
as previously been made for the P gene editing site of
PMV virus (Berg et al., 1992). The P gene editing site
nalysis also suggested that although the majority of
RNA has either no G or 2-G insertions (coding for V and
proteins, respectively), a small portion of the mRNA
ith a single G insertion may encode a third protein (W).
n equivalent third protein, in addition to P and V, has
een found in other Paramyxovirinae members and
alled protein W in Sendai and Newcastle disease vi-
uses (Curran et al., 1991; Steward et al., 1993), protein D
n bovine and human PIV3 (Pelet et al., 1991; Galinski et
l., 1992), and protein I in mumps virus (Paterson and
amb, 1990). It is worth noting that the W-specific peptide
62 aa) of TiV is relatively long in comparison to those of
he abovementioned viruses.
The P gene of TiV is therefore potentially capable of
roducing three different proteins with a common N-termi-
al 149-aa region. The nonedited mRNA (50%) encodes a
28-aa V protein (pI 6.65), the 2-G insertion mRNA (45%)
ncodes a 385-aa P protein (pI 9.18), and mRNA with a
ingle G insertion (5%) encodes a 211-aa W protein (pI 8.62).
t is interesting to note that while the V protein is slightly
cidic, the P and W proteins are basic. Since the N-terminal
49-domain common to all three proteins has a pI of 5.92,
he basic nature of proteins P and W is determined solely
y the C-terminal unique protein sequences.
hylogenetic relatedness of TiV to viruses in the
ubfamily Paramyxovirinae
Pairwise alignment of the N protein of TiV with repre-
entative viruses within the subfamily Paramyxovirinae
ndicates the highest homology to N proteins in the
ical to those in the TiV protein sequences are indicated by dots, while
nce identities of 60% or more are shaded. (A) Alignment of N proteins
inae N proteins are underlined. The solid arrow points to the only single
pecific domain from aa 150 to 228 of the TiV V protein. Seven highly
V protein are highlighted by #. (C) Alignment of the P-specific domain
ates the end of coding region that is shared with the V protein.
MV, La Piedad Michoacan virus or porcine rubulavirus (g228838); MaV,
enza virus-2 (X57559); PIV4a, human parainfluenza virus-4a (M55975);
5); SV41, simian virus-41 (X64275).s ident
h seque
yxovir
the V-s
e to TiV
indic
ws: LP
arainflu
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223A NOVEL BAT PARAMYXOVIRUSgenus Rubulavirus with homologies of approximately
0% with mumps virus, SV5, and Mapuera virus, and
pproximately 45% with SV41 and parainfluenza viruses
and 4. The homology drops to approximately 32% with
ewcastle disease virus (NDV) and further decreases to
elow 30% for viruses in the genera Morbillivirus and
espirovirus, and several unclassified viruses including
eV, NiV, TPMV, and SalV. For the determination of the
hylogenetic position of TiV within the subfamily
aramyxovirinae, the complete amino acid sequences of
proteins of TiV and 16 other selected members were
ompared by multiple alignment analysis. From the re-
ulting phylogenetic tree (Fig. 4), it is evident that TiV is
member of the genus Rubulavirus.
Analysis of the TiV P and V gene sequences confirms
iV membership of the genus Rubulavirus but the overall
evel of homology observed with cognate rubulavirus
enes was significantly lower than that detected with the
gene. For the N-terminal 149-aa region, which is com-
on to both P and V proteins, there was little sequence
omology detected. On the other hand, the Cys-rich
-terminal domain of the V protein showed an overall
equence identity of 32–42% with various members of
he genus Rubulavirus and contained all seven of the
ighly conserved Cys residues at identical positions (Fig.
FIG. 4. Phylogenetic tree based on complete N protein sequences of
viruses within the subfamily Paramyxovirnae. The unrooted boot-
strapped neighbor-joining tree was generated using the Clustal-X and
PHYLIP programs and the branch lengths represent relative genetic
distances. The solid lines represent the current grouping of viruses in
the three genera within the subfamily (van Regenmortel et al., 2000),
whereas the dashed line indicates a new tighter grouping of rubulavi-
ruses excluding the Newcastle disease virus (NDV) recently proposed
by de Leeuw and Peeters (1999) and Seal et al. (2000). For sequences
ot already used in Fig. 3, abbreviation with GenBank Accession Nos.
n parentheses are as follows: CDV, canine distemper virus (P04865);
eV, Hendra virus (AF017149); MeV, measles virus (L36042); NiV, Nipah
irus (AF212302); PIV3, human parainfluenza virus-3 (P06159); SalV,
alem virus (AF237881); SeV, Sendai virus (P04858); and TPMV, Tupaia
aramyxovirus (AF079780).B). In addition, there were two unique Cys residues in vhe TiV V protein, one of which was located close to the
-terminus. With the exception of the LPMV V protein, the
iV V protein was 10 aa longer than the equivalent
rotein in mumps virus and 13 aa longer than other
ubulavirus V proteins (Fig. 3B). In the same region that
odes for the V-specific domain, limited sequence ho-
ology was also detected in the P protein reading frame
Fig. 3C). More sequence homology was observed for
he P protein in a region immediately downstream of the
- and V-common coding region. According to the align-
ent presented in Fig. 3C, all rubulavirus P proteins
ncluding TiV appeared to have very similar C-termini,
nlike the staggered ends seen with the V proteins (Fig.
B).
ntigenicity of recombinant N and V proteins
xpressed in baculovirus
For production of recombinant TiV proteins to be used
or the verification of antigenic reactivity with anti-MenV
ntibodies and as potential diagnostic reagents, the
omplete coding regions for N and P genes were iso-
ated by RT-PCR and expressed in both Escherichia coli
nd baculovirus. While the predicted gene products were
xpressed in both systems, the level of expression was
etter in baculovirus. As shown in Fig. 5, the baculovirus
ecombinant N and V proteins were visible in the total
ell lysate without purification and strongly reactive with
monoclonal antibody against the hexa-His tag fused at
he N-terminus. Western blot analyses indicated that
ecombinant N and V proteins were reactive with porcine
nti-MenV antibodies (Fig. 6), thus confirming the anti-
enic cross-reactivity observed in the initial immunoflu-
rescence tests.
DISCUSSION
During the past decade, fruit bats in the genus Ptero-
us have been implicated as a reservoir of a number of
ew and emerging zoonotic viruses. Serological survey
ata and experimental inoculation of Pteropus polio-
ephalus provide evidence that fruit bats are natural
eservoirs of NiV and HeV and analysis of a limited
umber of sera from Pteropus spp. suggests that fruit
ats are also the natural host of MenV (Philbey et al.,
998; Williamson et al., 1998; Field et al., 2001). Here we
eport the isolation and characterization of another pre-
iously unrecognized paramyxovirus from fruit bats that
s closely related to MenV virus within the genus Rubu-
avirus.
Electron microscopic data indicate that TiV is a mem-
er of the order Mononegavirales, family Paramyxoviri-
ae, and subfamily Paramyxovirinae. The virus differs
ltrastructurally from HeV in the possession of surface
pikes of a uniform size. Immunofluorescent antibody
nd immunoelectron microscopic data indicate that TiV
irus is antigenically related to MenV, a finding later
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224 CHUA ET AL.confirmed by antigenic analysis of recombinant N and V
proteins of TiV.
Molecular analysis of the TiV N and P genes provided
further evidence for the taxonomical placement of TiV in
the genus Rubulavirus within the subfamily Paramyxoviri-
nae. Sequence comparison of both N and P/V proteins
revealed a higher homology with members of the genus
Rubulavirus. The lack of a C protein-coding region, use of
nonedited mRNA to code for V-protein, and the require-
ment for a 2-G insertion to access the P-specific ORF are
consistent with the P/V-gene coding strategy used by all
other members of the genus, with the exception of NDV,
whose removal from the genus Rubulavirus and place-
ment in a separate genus has been suggested (de
Leeuw and Peeters, 1999; Seal et al., 2000).
The size of TiV N protein, 519 aa, is within the size
range observed for known rubulavirus N proteins that
vary from 509 aa (for SV5) to 551 aa (PIV4). Although the
genus rubulavirus comprises more diverse members
than the genera Morbillivirus and Respirovirus, the N
protein sequences of rubulaviruses are reasonably con-
served, especially the N-terminal region (aa. 1–400) as
shown in Fig. 3A. The sequence of the first 4-aa, MSSV,
is absolutely conserved among all members of the genus
and is different from other members of the subfamily.
One interesting observation made during the sequence
alignment is a single aa deletion observed for the human
FIG. 5. Analysis of recombinant proteins expressed in baculovirus.
roteins from total lysate of infected and mock-infected insect cells
ere separated by 10% SDS–PAGE and analyzed either by direct
taining with Coomassie blue (A) or by Western blot probed with
nti-His6 antibody (B). For both N and V samples, lane 0 contains lysate
rom mock-infected cells, whereas lanes 1 and 2 contain lysate from
wo independent recombinant clones expressing the same protein.
ands representing the recombinant N and V proteins were marked by
rrowhead. Lane M contains Low Range Pre-Stained SDS–PAGE Stan-
ards (Bio-Rad) with calibrated molecular weights of (from top to
ottom) 103, 77, 50, 34, and 29 kDa, respectively.PIV2 N protein sequence. The deletion is located at aa192, in a highly conserved region in the central domain of
the N protein. It is unclear whether this deletion is unique
to hPIV2 strain Toshiba (Yuasa et al., 1990) or it is a
common deletion present in all human PIV2 strains.
Similar to other paramyxoviruses, the protein products
encoded by the TiV P gene are less conserved in com-
parison to the N gene product, especially the N-terminal
region, which is common for both P and V proteins. On
the other hand, the Cys-rich V-specific domain is more
conserved with all seven of the Cys residues, observed
in other members of the genus Rubulavirus, present in
TiV. However, the V protein of TiV has two additional Cys
residues, one located in the middle of the Cys-rich region
immediately before the fourth conserved Cys residue,
and the other located at the third last residue of the V
protein in an extended C-terminal tail that is absent in
most of the rubulavirus N proteins characterized up to
date. Although an additional Cys residue in a noncon-
served location has also been observed for MuV, LPMV,
and PIV4 viruses (see Fig. 3B), they were all located in
the region upstream from the second-conserved Cys
residue. The TiV V protein is therefore unique in two
regards: it has two additional nonconserved Cys resi-
dues and they are located within or downstream from the
Cys-rich domain. As pointed out in a recent analysis
(Jordan et al., 2000), the high variability of the P-gene
sequence may have been a prerequisite for the coexist-
ence and evolution of overlapping reading frames. This
is certainly true for rubulaviruses. As shown in Fig. 3, the
high degree of sequence conservation in the V-reading
frame for the Cys-rich region was achieved with the
sacrifice of sequence conservation in the P-reading
frame in the same region. Immediately downstream from
FIG. 6. Western blot analysis using porcine sera. Recombinant bac-
ulovirus N and V proteins were purified from a preparative SDS–PAGE
and tested in Western blot using a membrane strip format as described
previously (Wang et al., 1997). Strips 1 and 2 were incubated with
control (negative) pig sera, whereas strips 3 and 4 with MenV-infected
pig sera. Different antibody dilutions were used knowing previously
that the level of antibody reponses to N is higher than that to V. For N
protein, a 1:100 dilution was used for strips 1 and 3 and 1:500 for strips
2 and 4. For V protein, a 1:20 dilution was used for strips 1 and 3 and
1:100 for strips 2 and 4. Bands corresponding to the recombinant N and
V proteins were indicated by arrowhead.
225A NOVEL BAT PARAMYXOVIRUSthis region, sequence homology increased significantly
in the P-reading frame. In addition, the size of this P-
specific domain at the C-terminus, approximately 155 aa
in length, was conserved, although the overall sizes of
rubulavirus P proteins do vary from 385 aa (TiV) to 404 aa
(LPMV). These results suggest that the functionally im-
portant domain of paramyxovirus P proteins is located at
the C-terminus. In addition the highly variable nature of
the N-terminal and central regions may have made it
possible for other “accessory” or “luxurious” proteins
(such as C and V) to evolve without putting too much
selective pressure on the P protein, which is considered
to be an “essential” protein.
With the exception of human PIV1, all members of the
subfamily Paramyxovirinae use overlapping reading
frames to produce P and V proteins via a mechanism of
nontemplated G-insertion or RNA editing, first discov-
ered by Thomas et al. (1988) for SV5 P gene. In the first
group of viruses that includes morbilliviruses and respi-
roviruses and the newly discovered HeV, NiV, and TPMV,
the nonedited mRNA codes for the P protein, while 1 2
or 1 1 (3N)-G insertions produce the V-encoding mRNA.
The editing site has a conserved sequence of
AAAAAGGG. In the second group of viruses, which is
exclusive to members of the genus Rubulavirus, the
nonedited mRNA codes for V protein and 2 2 or 2 1
(3N)-G inserted mRNA codes for P protein and the edit-
ing site is TTTAAGAGGGG. However, an exception has
recently been observed for the P gene of SalV (Renshaw
et al., 2000). Although the SalV P gene resembles that
found in members of the first group, manifesting highest
sequence homology to morbilliviruses and containing a
C protein-coding region and an editing site sequence
AAAAAGGG, the nonedited mRNA codes for a V protein
instead of the P protein expected for viruses in that
group. The TiV P gene clearly falls into the second group
of viruses in terms of editing site sequence and the V to
P switch upon the addition of two G residues. The un-
usual feature of the TiV P gene mRNA editing process is
the finding of 1-G inserted mRNA. Although it represents
only 5% of the total mRNA population, it is nevertheless
the first report of a 1-G insertion for the second group of
viruses. It is interesting to note that the SalV P gene
produces mRNA with 2-, 3-, and 4-G insertions, but not a
1-G insertion (Renshaw et al., 2000), a feature more in
keeping with rubulaviruses than morbilliviruses. The bi-
ological significance of this is unclear at present. The
1-G insertion in the TiV P gene will result in the expres-
sion of the putative W-reading frame, but this can also be
accessed by a 4-G insertion as has been observed
before for other rubulaviruses (Kondo et al., 1990). What
is clear from these recent findings is the diverse editing
mechanisms that paramyxoviruses have acquired to
generate multiple proteins using RNA editing. These
include the dominant forms of P 3 V switch with 1-G
insertion at AAAAAGGG, the V 3 P switch with a 2-Ginsertion at TTTAAGAGGGGG, and the less common 2-G
insertion at AAAAAGGG (SalV), and the 1-G insertion at
TTTAAGAGGGG (TiV).
The isolation of TiV from bats in Malaysia a few years
after the discovery of MenV as a disease-causing agent
in pigs in Australia strikingly resembles the chronologi-
cal experience with HeV and NiV. Although the disease
status of TiV is unknown at present time, the close
antigenic relationship and sequence homology (to be
published elsewhere) between TiV and MenV leads us to
speculate that there is a high possibility that TiV causes
disease once it crosses the species barrier. The isolation
of the virus and its molecular characterization will facil-
itate diagnosis and epidemiologic investigations should
the virus enter livestock animals, especially pigs in Ma-
laysia or other Southeast Asian countries, and cause
disease.
Since the initial isolation of the virus, five more isolates
have been made in a subsequent field study on Tioman
Island. DNA sequencing analysis of a 550-bp PCR frag-
ment covering the P-gene editing site indicated that all of
the isolates had identical sequence to that presented
here (data not shown). A preliminary serological survey
using the recombinant N protein revealed positive anti-
body responses in several bat sera collected on Tioman
Island (further investigations including larger number of
bat sera are underway and the results of this study will
be published elsewhere). Although there has been no
isolation of MenV from fruit bats to date, serological
evidence suggested that MenV or a closely related virus
does exist in the Australian bat population (Philbey et al.,
1998). Our results strengthen the predication of a bat
origin for MenV.
Finally the work presented in this paper demonstrated
the power of two new approaches used in virus isolation
and molecular characterization of unknown viruses. The
simple approach used to collect urine samples from bats
not only provides a method for rapid isolation of un-
known viruses, but successful isolation may also provide
information on the putative mode of transmission of dis-
ease-causing viruses from bats to other animals. Using
the same approach, several other bat viruses have been
isolated and await characterization (K. B. Chua, unpub-
lished results). The application of cDNA subtraction
strategies in isolation of virus-specific cDNA has proven
to be very successful. Indeed, the same methodology
has been successfully applied to many other viruses (D.
Boyle and others, unpublished results). As shown here,
up to 80–90% of the cDNA clones isolated are virus-
specific and these clones cover most, if not all, of the
virus genes. Unlike other popular methods used for
cDNA isolation from random libraries, this approach
does not require the use of probes, antibodies, existing
primers, or any sequence information. Moreover, the
same approach can be used for either RNA or DNA
viruses, or any infectious agents for that matter. The only
(
d
w
d
f
A
w
2
(
A
c
h
s
i
t
(
H
s
I
f
W
s
b
m
P
226 CHUA ET AL.drawback of the current method is that it seems to be
biased against low abundance mRNA and the N-ter-
minal region of long genes (e.g., the L gene in
paramyxoviruses). We have now overcome this by re-
placing oligo(dT) primers with random primers in
cDNA synthesis and using genomic RNA instead of
mRNA as starting material (K. B. Chua and L.-F. Wang,
unpublished results).
MATERIALS AND METHODS
Virus isolation and cell infection
Clean white translucent plastic sheets, each measur-
ing 2 3 3 m, were placed directly under the colonies of
island fruit bats (Pteropus hypomelanus) hanging on the
branches of trees along the coastal region of Tioman
Island. A pool of five drops of urine was collected using
a sterile cotton swab and transferred into 2 ml of viral
transport medium (VTM, 90 ml of Hanks’ balanced salt
solution (ICN Biomedicals Inc., USA) mixed with 10 ml of
10% bovine albumin at pH 7.4) containing amphotericin B
(15 mg/ml), penicillin G (100 u/ml) and streptomycin (50
mg/ml). The inoculated VTM was kept in wet-ice or re-
frigerated at 4°C until transported back to laboratory for
virus isolation. The pooled bat urine samples were num-
bered sequentially and labeled according to the desig-
nated colonies of bats in the trees.
The inoculated VTM was lightly vortexed and 200 ml
aliquots were transferred into each well of 24-well tissue
culture plates previously seeded with 1 3 105 Vero cells
ATCC, CCL-81) in Eagle’s minimal essential growth me-
ium supplemented with 10% fetal calf serum. Cultures
ere incubated at 37°C and examined daily. In cultures
isplaying a cytopathic effect (CPE), 200 ml of the culture
luid was added to a monolayer of Vero cells in a 25-cm2
tissue culture flask and the rest was stored at 280°C.
fter development of a CPE, the virus in the supernatant
as titrated on Vero cells and aliquoted for storage at
80°C.
Confluent monolayers of mosquito (C6/36), pig spleen
PS), dog kidney (MDCK), baby hamster kidney (BHK-21),
frican green monkey (Vero E6), human rhabdomyosar-
oma (RD), human laryngeal carcinoma (Hep-2), and
uman embryonic lung fibroblast cells (MRC5) were in-
oculated with 0.001 and 0.1 TCID50/cell of each isolated
virus and incubated at 37°C, except for C6/36 cells,
which were incubated at 28°C. Inoculated culture flasks
were examined daily for the presence and pattern of
CPE. The evidence of productive infection in the specific
cell line was confirmed by reisolation of the virus from
the culture fluid in Vero cells.
Electron microscopy
Vero cells (from ATCC and provided by Monash Med-
ical Centre, Victoria, Australia) were inoculated with anisolate of the virus and maintained with Eagle’s minimum
essential medium and 10% fetal calf serum. When a
cytopathic effect was evident, the cells were fixed in 2.5%
(v/v) buffered glutaraldehyde and 1% (w/v) buffered os-
mium tetroxide and processed through to Spurr’s resin
as described by Hyatt and Selleck (1996). Infected cells
were also processed through to L. R. White resin (Hyatt,
1991). Ultrathin sections of these cells were incubated
with antibodies raised against HeV or MenV and protein
A-gold as described by Hyatt (1991). All sections were
stained in lead citrate and uranyl acetate and examined
with either a Hitachi H7000 scanning transmission elec-
tron microscope or a Philips CM 120 at 100 kV. TiV in the
supernatant of infected cells was adsorbed to parlodion-
filmed, carbon-coated copper grids and stained with 2%
(w/v) phosphotungstic acid (PTA) adjusted to a pH 6.5
with 1 N NaOH. Viral nucleocapsids examined by immu-
noelectron microscopy were purified from TiV- and
MenV-infected Vero cells by buoyant density in CsCl, as
described below. Aliquots (approximately 5 ml) were ad-
orbed to parlodion-filmed, carbon-coated gold grids,
ncubated with rabbit anti-Menangle antibodies and pro-
ein A-gold and then stained with PTA as described
Hyatt, 1991). Preparations were examined with either a
itachi H7000 scanning transmission electron micro-
cope or a Philips CM 120 at 100 kV.
mmunofluorescence assay
A confluent monolayer of Vero cells in a 25-cm2 culture
lask was inoculated with 0.01 TCID50/cell of the virus.
hen a CPE was observed in 75% of the cells, they were
craped off and washed twice with sterile phosphate
uffered saline (PBS) by centrifugation at 600 g for 10
in. The cell pellet was resuspended in 0.5 ml sterile
BS and 10 ml of cell suspension was distributed into
each well of a 10-well Teflon-coated slide and allowed to
air dry. After fixing in cold acetone for 10 min, cells were
examined by immunofluorescence using commercially
available monospecific antibodies (Chemicon Co., USA)
against mumps virus; measles virus; respiratory syncy-
tial virus; and parainfluenzavirus 1, 2, and 3. Porcine
anti-MenV and anti-NiV antisera and anti-HeV hyperim-
mune mouse ascitic fluid were also used as primary
antibodies. The secondary antibody was goat anti-spe-
cies-specific fluorescein isothiocynate-conjugated IgG
(DAKO, USA).
Isolation of total RNA and mRNA from infected and
noninfected cells
Five 75-cm2 flasks of confluent Vero cells were each
inoculated with 0.01 TCID50/cell of the virus. At near full
CPE, the infected cells were pelleted and total RNA was
extracted using the RNeasy Midi Kit (Qiagen, Germany)
as described in the manual. Concurrently total RNA was
2also extracted from five 75-cm flasks of noninfected
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determined using GeneQuant II RNA/DNA Calculator
(Pharmacia, USA).
Poly(A) containing mRNA from infected and nonin-
fected cells was purified from their respective total RNA
using the Oligotex mRNA Midi Kit (Qiagen, Germany).
After elution, the amount of the mRNA was quantified as
described above.
Isolation and cloning of viral cDNA using the
ClonTech PCR-Select cDNA Subtraction Kit
The selection and amplification processes were per-
formed as described in the manual accompanying the
kit. Briefly, double-stranded cDNA was made from the
purified total mRNA of viral infected cells (tester cDNA)
and noninfected cells (driver cDNA) and digested with a
4-bp blunt end enzyme RsaI. In separate reactions tester
DNA was ligated to kit-provided adaptors 1 and 2R
efore mixing with excess driver cDNA for the subtrac-
ion process. After a two-step hybridization, tester-spe-
ific cDNA fragments were amplified in a primary and a
ested PCR.
The amplified products were analyzed by electro-
horesis in 1% agarose gels. For cloning, PCR products
ere size-purified in four fractions (1.4–2.0 kb; 0.8–1.4 kb;
.5–0.8 kb; and 0.2–0.5 kb), digested with RsaI, and
cloned into pZErO-2 vector (Invitrogen, USA) cut with
EcoRV. Twenty-four colonies were randomly picked from
each size-fractioned cloning and plasmid DNA from each
clone was prepared using QIAprep Spin Miniprep Kit
(Qiagen) and the insert was sequenced by the Big-Dye
(Pharmacia) dideoxyl termination cycle sequencing us-
ing M13 forward and reverse primers and analyzed on a
ABI 377 automatic sequencer.
Isolation of viral genomic RNA and RT-PCR
A Vero cell monolayer in a 150-cm2 culture flask were
infected with the virus at m.o.i. of 0.01 TCID50/cell. At
48 h postinfection cells were washed with PBS and
resuspended in TNM (10 mM Tris, pH 7.5, 10 mM NaCl,
1.5 mM MgCl2) at 4°C. Cells were lysed by addition of
P-40 to 1% and nuclei removed from the cytoskeleton
y shearing in a Dounce homogenizer. The nuclei were
elleted, cytoplasmic and cytoskeletal fractions pooled,
nd EDTA and DOC added to 10 mM and 1%, respec-
ively. After clarification at 10,000 g for 10 min at 4°C, the
lysate was layered over 20–40% CsCl gradients in TNE
(10 mM Tris, 100 mM NaCl, 1 mM EDTA) with 0.2%
sodium lauryl sarcosinate. After centrifugation in a SW41
rotor for 24 h at 25,000 rpm (75,000 g), the visible ribo-
nucleoprotein (RNP) band at 1.31 g/cm3 was collected
and pelleted at 35,000 rpm (105,000 g) for 1.5 h in a SW41
rotor. Viral RNA was extracted from the pelleted RNP
using the RNeasy Mini Kit (Qiagen) and quantified using
GeneQuant II RNA/DNA Calculator (Pharmacia). Double-stranded cDNA was synthesized using the Time Saver
cDNA Synthesis Kit (Amersham Pharmacia Biotech,
USA) and 1 mg of purified viral RNA. To augment the
production of relatively long cDNA, low concentration of
random hexamer primers (3.7 ng) was used in the reac-
tion as suggested in the instruction manual.
To fill in the sequence gaps not covered by the above
subtraction approach, TiV-specific primers were de-
signed using the sequence data generated from above
and synthesized by a commercial provider (GeneWorks,
Adelaide, Australia). Double-stranded cDNA was ob-
tained using the SuperScript One-Step RT-PCR System
(GIBCO BRL, USA) and sequenced as above. The 39 end
of the viral genome was obtained by semi-nested PCR
using N gene-specific primers and a rubulavirus-specific
primer (59-CGCGG ATCCA CCAAG GGGAR AA-39) de-
signed from published sequences of different rubulavi-
ruses (Wang et al., 2000).
For initial PCR characterization of the virus, the follow-
ing MenV-specific primers were used (sequences given
in 59 to 39 direction): MW01, ACCGG TCCAC TCACA
ACCAC; MW02, TGCCG CTCCA ATCAG ATAAG; MW03,
ATCGC TCCAT TAAGA GACAC; MW04, TGATG ATCCA
ATCGC CAGAG; MW09, TATGC TCCAA GGCCA CTGTC;
and MW10, ATGGC ACTGG TGGAT GAGAC.
Analysis of G insertion at the P/V editing site
To determine the location and number of G insertions
for P/V mRNA, a pair of primers (upstream primer, 59-
AATAC AGAAG AGTTG GTGGC TGC-39 and downstream
primer, 59-TTCCA ATCAA GATTC GCAAT CC-39) was de-
signed which will amplify a fragment of approximately
564 bp covering the putative P editing site. Using mRNA
purified from cells infected with TiV (as described
above), double-stranded cDNA was obtained using the
GIBCO BRL SuperScript One-Step RT-PCR System. After
gel purification and digestion with BamHI and NsiI en-
zymes, the 463-bp fragment was cloned into the BamHI/
PstI sites of pZErO-2 for sequencing analysis.
Sequence and phylogenetic analysis
Sequence data derived from cDNA subtraction and
RT-PCR were routinely managed using the Clone Man-
ager 5 and Align Plus 4 program package (S&E Software,
USA). Multiple sequence alignment was done using
standard linear scoring matrix with the following param-
eter settings: mismatch penalty of 1, open gap penalty of
4, and extend gap penalty of 1 and similarity significance
value cutoff of 60%. Homology searches were conducted
using the BLAST server at the National Center for Bio-
technology Information (NCBI). Physicochemical proper-
ties of deduced proteins were determined and con-
served sequence motifs were identified with the PRO-
TEIN ANALYSIS module included in the Clone Manager
5 package. Multiple sequence alignments and neighbor-
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program (Higgins and Sharp, 1989). Phylogenetic analy-
sis was conducted using ROTDIST and KITSCH pro-
grams in the PHYLIP software package (Felsenstein,
1993). Most likely evolutionary relationships were deter-
mined by evaluation of trees from 1000 randomized re-
sampling cycles. Bootstrap verification of the resulting
phylogenetic tree was performed by analysis of 1000
bootstrapped replicates using the SEQBOOT, NEIGH-
BOURING-JOINING, and CONSENSE programs of the
same package. Final tree files were visualized using the
Treeview program (Page, 1996).
Expression of recombinant N and V proteins
The complete N- and V-gene sequences were ob-
tained by RT-PCR using upstream primers with XhoI
estriction site and downstream primers with KpnI re-
triction site and cloned into the pRSET-B vector (Invitro-
en). The functionality of the cloned gene was confirmed
y expression in E. coli of a full-length gene product with
hexa-His tag at its N-terminus as described previously
for HeV proteins (Wang et al., 1997, 1998). The XhoI–KpnI
fragment was then cloned into the transfer vector pFast-
Bac-HTa of the Bac-To-Bac System (GIBCO BRL). Proto-
cols provided in the accompanying manual were fol-
lowed for production of bacmid, infection of insect cells,
and expression of recombinant proteins. The final ex-
pressed products were analyzed by SDS–PAGE and
Western blot as described (Wang et al., 1997).
GenBank Accession Number
The sequence covering the TiV N and P genes has
been deposited in GenBank under the Accession No.
AF298895.
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